The pituitary adenylate cyclase-activating polypeptide receptor (PAC1, also known as 26 ADCYAP1R1) is associated with post-traumatic stress disorder and modulation of 27 stress response in general. Alternative splicing of PAC1 results in multiple gene 28 products, which differ in their mode of signalling and tissue distribution. However, 29 the roles of distinct splice variants in the regulation of stress behavior is poorly 30 understood. Alternative splicing of a short exon, which is known as the "hop 31 cassette", occurs during brain development and in response to stressful challenges. To 32 examine the function of this variant, we generated a splice-specific zebrafish mutant 33 lacking the hop cassette, which we designated 'hopless'. We show that hopless mutant 34 larvae display increased anxiety-like behavior, including reduced dark exploration and 35 impaired habituation to dark exposure. Conversely, adult hopless mutants displayed 36 superior ability to rebound from an acute stressor, as they exhibited reduced anxiety-37 like responses to an ensuing novelty stress. We propose that the developmental loss of 38 a specific PAC1 splice variant mimics prolonged mild stress exposure, which in the 39 long term, predisposes the organism's stress response towards a resilient phenotype.
Introduction
was similar to those of WT larvae throughout the test (Fig. 2D,E) . 139 We next performed the light-dark transition assay, which measures the locomotion 140 response of larvae to a sequence of sudden transitions between bright light and total 141 darkness. Larvae tend to respond to sudden darkness by a short burst of vigorous 142 swimming, the intensity and duration of which are increased under stressful 143 conditions 28 . We analyzed larval locomotion using a 30 minute dark/light alternating 144 periods 29 , as we found that this interval enables complete rebound from the stressful 145 transitions (Fig. 3A) . Results showed that immediately after light-to-dark transitions, 146 6 WT larvae displayed darting behavior followed by a gradual decrease in locomotion, 147 presumably due to acclimatization to the darkened environment ( Fig. 3A) . Conversely, 148 dark-to-light transitions induced a short freezing episode, which was followed by a 149 locomotion rebound (Fig. 3A) . Moreover, the intensity of larval locomotion response 150 to the above transitions was reduced during repeated light-dark cycles, indicating that 151 they habituated to the sudden changes in the environment. To test whether the light-to-152 dark transition measures anxiety-like response, WT larvae were treated with diazepam, 153 which was shown to be anxiolytic in both larvae and adult zebrafish 27, 30 . Diazepam-154 treated larvae displayed reduced darting activity during the transition from light to dark, 155 suggesting that light-to-dark sensory challenge is anxiogenic (Fig. 3F,G) . 156 In contrast to the behavioral pattern observed in WT fish, hopless larvae failed to 157 habituate to repeated light-to-dark transitions, as their darting response did not change 158 between the first and third transitions ( Fig. 3B) . Interestingly, their habituation to 159 sudden dark-to-light transitions was similar to that of the control, suggesting that this 160 challenge may be less stressful to the larvae (Fig. 3C) . Finally, we observed that hopless 161 larvae exhibited heightened locomotion in both light and dark phases. This may indicate 162 an impaired response of this mutant to the novel environment of the behavioral arena 163 ( Fig. 3D,E) . 164 Taken together, our results indicate that hopless mutant larvae, which lack the 165 alternatively spliced hop exon, display heightened anxiety-like responses to sensory-166 based light-dark stress stimuli.
167
Adult hopless zebrafish display impaired behavioral response to novel 168 environment 169 To assess whether the stress-related behavioral phenotypes of the hopless mutant 170 persist to adulthood, we utilized the novel tank diving and open field assays. When 171 adult zebrafish are introduced to a novel tank, they initially dive to the bottom half of 172 the tank and, over time, they gradually begin to explore its top half 31 . This stereotypical 173 behavior is commonly used to measure stress and anxiety-like response of zebrafish to 174 a novel environment 32,33 . When we introduced adult WT or hopless zebrafish to the 175 novel tank arena with no prior stressful challenge, both genotypes displayed similar 176 behaviors, as reflected by similar swimming velocity and distance ( Fig. 4A,B) , as well 177 7 as by the similar number of entries and time spent in the top half of the tank (Fig. 4C,D) . 178 Likewise, no significant differences between WT and hopless zebrafish were found in 179 open field behavioral parameters, including locomotion, place preference towards 180 center versus the walls, and freezing, which are also considered anxiety-like responses 181 (Supp. Fig. 2) . These results indicate that naïve adult hopless mutants do not display 182 differential response in novelty-based behavioral assays. 183 We next examined the behavioral responses of hopless adults in novelty-based 184 assays following an acute stressful challenge, namely a short restraint in a confined 185 space. Wild-type and hopless siblings were restrained for 2 minutes in a 50 ml conical 186 tube containing 5 ml of water, such that the fish was covered with water allowing 187 normal breathing, but in a highly confined space. Thereafter, both genotypes were 188 analyzed in the novel tank diving and open field assays. Novel tank diving assay 189 duration was extended to 14 minutes, in order to allow the restrained fish to recover 190 from the stressful restraint challenge.
191
When placed in the novel tank arena, stressed fish of both genotypes covered the same 192 distance with a similar swim velocity ( Fig. 5A,B) . However, hopless mutants displayed 193 more entries to the top half of the tank, indicative of reduced stress behavior ( Fig. 5C) . 194 hopless mutants also spent more time and covered more distance in the top half of the 195 arena ( Fig. 5D-F) . When analyzed in the open field arena, stressed hopless mutants 196 covered more distance with higher average velocity than stressed WT zebrafish (Fig. 197 6A,B). This effect was probably due to the reduced freezing of hopless mutants (Fig. 198 6C). Although no significant difference was found in the time spent in the center of the 199 arena, hopless mutants performed significantly more visits to the center and showed a 200 tendency to spend less time per visit, indicative of increased arena exploration ( Fig.   201 6D-F). It is noteworthy that following restraint, WT fish froze also in the center of the 202 arena (data not shown), which may explain, at least in part, the lack of difference in 203 time spent in the center. We conclude that adult hopless mutants display improved 204 behavioral recovery following an acute stress, suggesting that they are more resilient to 205 stressful challenges. anxiety-like responses to a subsequent milder stressor (introduction into novel 220 environment), which indicates improved resilience to stress during adulthood. We 221 suggest that the developmental loss of a specific PAC1 splice variant mimics a 222 heightened anxiety state that, in the long-term, renders an improved ability to cope with 223 stressful challenges.
224
PAC1 splice isoforms are known to mediate distinct signal transduction pathways 225 due to differential coupling to G-proteins 21, 36, 37 . The PAC1-null isoform, which does 226 not contain the hop exon, displays very low or no activation of PLCβ, whereas PAC1-227 hop1 switches its mode of signaling from AC to PLCβ 38-42 . PAC1-hop1 was also shown 228 to regulate Ca 2+ mobilization and neurosecretion 43-46 . Such differential signal 229 transduction could affect behavioral phenotypes, as previously demonstrated for other 230 GPCRs 47-50 . Accordingly, we have previously shown in adult mice that acute foot-231 shock stressor induces a change in the ratio between PAC1-hop and PAC1-null splice 232 isoforms in the hypothalamic paraventricular nucleus 4 .
233
Using an antisense morpholino oligonucleotide in larval fish, we also showed that 234 interference with PAC1a-hop alternative splicing leads to impaired crh transcriptional 235 dynamics, as well as adaptation to a stressful challenge 4 . However, due to the transient 236 nature of this gene-knockdown approach, the long-term consequences of 237 developmental deficiency of PAC1-hop on adult stress responses were not examined.
238
In the present study, we utilized the CRISPR/Cas9 method to generate a germline Although the underlying mechanism for the switch in stress responsiveness of 264 hopless mutants studied herein is still unknown, some studies may provide hints. A 265 dynamic shift in the ratio of PAC1-hop and PAC1-short isoforms was shown to regulate Supplementary Table S1 for oligonucleotide sequences. Software (Noldus Information Technology). For the diazepam treatment experiment, 358 larvae were exposed to 5 µM diazepam (Renaudin, France) for 2 h prior to the start of 359 the behavioral testing. Control larvae were kept in similar conditions during this period.
360
At the end of the incubation, larvae were transferred into individual wells of a 48-well 361 plate and subjected to 30 min light/30 min dark cycles as described above. Open field 364 Behavioral phenotyping in open field arena was performed using a custom-made 365 apparatus, as was previously described 67 . Fish were placed in a circular arena of 23 cm 366 in diameter filled to a height of 5 cm with regular system water. The arena was placed 367 in a custom-built enclosure that restricted all visual cues from the laboratory frame, and 
